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The UTP-IC rcactcr in cpcrat.lcn et lev a State rniver’’1ty 
ha« t*eer. used to conduct tralnino in reactor operatlcn» for 
research in reactor physic<, and enqicieering i and to provide 
service- ir. related field*; where the requirements of the 
investigation are v.ithin the capabilities of the reactor. 

!!■ e experinental facilities ci the reactor have been used in 
several project'- reported in graduate student these-; hoveverj 
! one ha? involved an invc stigatic n of the neutron flux dis- 
triujtion v ithin the core of the re«ctcr. 

The uTR-10, a heterogeneous, thermal reactor, hoc a core 
cenfigurstien of t*vc fuel slabs teparated fo> a graphite in- 
ternal reflector. ie-5oni?od light water acts as both, .moder- 
ator and coolant. The cere is surrounded laterally by a 
graphite reflector, and the water in the aluminum cere tanks 
provides an additional one ioct thick reflector for both the 
top and bottom of the fuel slabs. our noral rcdi>, located 
adjacent t~ the core and ir-ide the reflector, vary the re- 
activity. The tv’^o safety red-, located at the nerthvest and 
southeast corners as shown in .igure 1 (a), nual be cor:ipletely 
v.ithdr3.rn V her the reactor ir. In eperatien, and the shin,- 
-afet^ red and the regulating red, located et the r.crtheast 
ciAo scuthv.cst cerrero, respectively, control the reactor power 
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Figure 1. Station designations 



The ob’-ective of this project was to exa.nine the neutron 
flux distribution within the south core tank by determining 
the neutron activation of indiun foils placed inside the fuel 
element as';.ei.’.bli€i . A limited jIux survey V'Os made in tJjo 
north core tank t<. provide e for comparinc the neutron 

flux distribution in the two sections of the core, end, in 
addition, a iin.itod survey cf the cadmJuB; reties in both ; ec- 
liens w3‘ conducted to obtain an evaluation of the atsclute 
tterrr.al neutron flux at a few rtations within the core. The 
invpi-tigaticn wai conducted ct a reader pov er cf C.i v.att, 
ond restrictions imposed or tlie control reds v.ere that the 
rcoulatinq rod oe completely vsitiidravn and that the ?him- 
fC-fety red be manually controlled tc regulate the reactor 
pev er level. 
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The core of the ’ TR-iC 5'' divided into two fuel lob, 
.Gparated by an U in. Ifack i^raphitc internal reflector. 
h:.cr cloo contain.. .>ix fuel ole...entj 5 tael, of hich con i h 
if tvtolve fuel plates spaced at » nominal distance of 0.40 in. 
T!' 6 iuel ^lement.5 aie opported in an olusdnu.;. tank -hich 
centinfe., the flo/ of the lipht water mederat r-coolant through 
the fuel afsembiicfe. The limited 'pace available in the cere 
. 1 ere a , cutron detector s.oy te located und the i e-.jUirG.. < nt 
for imnieraicn c f the detector in water v-hile the reactor is 
in operation rostiict the choice of neutron detector. The • 
f thin foils ai neutron-activation detector^- i‘ cofpatlblc 
\.ith these conditions) however. The fcilr offer certain 
di.= tinct advantages, among which are; 

(a) Ihe j,..all ei7f permits their direct ircertit-. into 
the core, and only a sjftail ccrrecticn is re...uir€d 
to account for their disturoance of tf e flux. 

(u) Jircrerricn of the fcils in the '-.ater 1; side the core 
presert^^ nc special difficulty. 

(t..) lexibility in choice of ^tationi, tc .e coecrvfd 

ithir. the core Is permitted < ith the use of foil.-, 
ease ith .'.hich the foils ..a> be u. ed to obtain a large 
iiUioer cf observations throughtut the core i; adventaocuu. . 

In comparison with foil detectors, some direct readino device 



sucn as a .f)iniature icn cha-j oer v auld involve a r^re coT.ber- 



scwe installation within the core and increase the difli cully 
cl deteraiininc- the position cl the detector v.itnin the Ccxe. 

ikCutrcn activation of odd and indiun toils has ocerj 
widely investigated as a Jieans ct detenrdning the therctai 
neutron Ilux in a reactor. 1 rice (llo) discusses the lunda- 
uental use of toil neutron aetectors. The oasic nuclear 
reaction of neutrons with indium is 
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In'^ exists in a metastable state and a ground state with 
respective halt lives ot 54.0 :;iin. and 13 sec.; however, p 
decay of In ‘‘ alone can be. detected alter waiting a ie-^- 
wiinutes tor the short lived to decay to an inconse* 

11*K 

^ucntial level. C ther reactions of fast neutrons witn In 
•hay cuffiplicatf tlio decay schemes, but the 54.0 .in. period 
con be counted alnost exclusively. 

/‘.ctlvaticn ct gold toil occurs as a result ot the nuclear 
reaction 
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Acco.iipanyinc the [.> decay of is the end scion ct 0.41 cv 

radiation. :.oi3 (14) has preferred to use & y radiation 
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detector ir order to reduce the effects of foil self- 
absorptlon of y radietion as compared with the absorption of 
p radiation. Kiema and I.itchie (7) uved the y radiation fro., 
both indium and gold foils in their invcstigaticn of thermal 
neutron flux rneasuremer.t in oraphitc. 

'urine the period from 1955 to 1957 a study of ab- olute 
therm«ji neutron determinatlcn was made at North American 
Aviation, Tnc. , Dov.i ey, California. The report of this study 
gives an overall view of the basic problems. It Part I, 
Greenfield c t a 1 . (5) discuis using indium foil to neasure 
fodmiu... ratios and the pertinent collection factors involved. 
Koont/ c t a 1 . (8; report the effects of thickness cr. self- 
^catterirg, self -absorption, and backsc ottering of p particle 
from indium foil. Grcetifield et al . (6) conclude the report 
nith s discussion of determininc absolute thormial neutron 
flux with the absolute specific disintegration rate of indium 
foils. The technique involved p particle counting in a 
v.indcv.iess. pr^jporticnai counter vdth 2^ geometr/. 

The correction of the observed activity induced iit gold 
and indium foil has been the suuject of many investigations, 
jkvth k^rme (13) and bothe (3) have developed theories: for 
the effect of the fieutron detector in a diffusion medium. 
Skyrs.ic's theory was developed for a thin disc end includeo 
the effects of foil seif -shielding and flux depression in the 
diffusion mcdiu.ii. uothe't theory was developed for the flux 



perturbation cf spherical detectors* but Tittle (17) )-ar 
tTiOdlfled the thooreticel develcpriient and has shcvn experi- 
mentally that it can be applic-d to thin disc absorbers, 

Ritchie and r.ldridge (12) present a theoretical discusisicn 
in extension of dothe'o and Skyrr/ie’c theories. Cola \ 14 , p. 
78) briefly reviews the findings of several other investiga- 
tions end contributes his ov^n data for gold foil in a graphite 
moderator. Kunstadter (9) presents corrections to be applied 
to th® activity of neutron activated* cadmiuss-covered indium 
foils* and iVartin (10) discusses these corrections for both 
gold and indium foils. .-or the most part* the investigations 
have confirmed Bothe's theory; however* Thompson (16), ex- 
perimenting with indium foil in graphite, has obtained ex- 
perimental results In closer agreement with bkyrme’s theory 
than v<ith Bothe’s theory, ritch and urumrnond (4) have 
obtained experimental results for the neutron flux perturba- 
tion of indium foil in water, and their data support Dothe's 
theory. 2.- a statement prefacing his review cf the literature 
Sola (14, p. 78) remarks appropriately: 

A somewhat confusing impression arises from the 
different conclusions drawn by authors when they 
compere similar experiments with the existing 
theories. This is generally due to a lack of 
agreement on the definition of flux perturbation. 

Also* the different theories do j.ot give the same 
results, presumably owing to differences it. meth- 
ods cf approach. 
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oil nctivity, cp.^i./g. 

Spi?clflc foil activity, saturetod, cp-./g. 

Saturation activity frcn. epithermal neutrons, 
cpm./g. 

,v.ea&ured saturation activity from thcriral neutrons, 

C p* / Q • 

Saturation activity from thermal neutrons, corrected 
for flux deprea«ion, cp.t./g. 

Total ‘saturation activity of cadmium-covered foil, 
cprn./g. 

Cadmium ratio 

Abscroer average thickness, cm. 

Cadmiusi correction factor 
. lux perturbation factor 
Natural iogarithm 

i'iumber of observed nuclear events, count? 

Cbserved decay rate, cpm. 

Average decay rate cf radionuclide, ep.u. 

Initial decay rate of foil at reactor shutduvvn, cpm. 
Abrorbei* radius, cm. 

Sackground counting rate, cprri. 

-bserveri %ountl'/g rate, cpm. 

Counting rate of standard source at ti.ne of counter 
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ceiibr8tlon> cp~. 

Counting rate of standard source at tin;e of v-bserv 

tion of foil) cp»3^. 

roll irradiation ti®0) ^in. 

TirB©, rr.in. 

Tirco at vchich the average observed decay rate is 
applicable 

Time at the beginrting of t bi.ervaticn 
Time at the end of cboervatlcn 
j oil vp>eiQht) g. 

Prcbebility that a neutron vtlll be absorbed in a 
single traversal of a detector 
Time interval of observation) min. 

Elapsed tirfi© after begir r^lrg of observation) min. 
Radioactive decay constant » min.”^ 

Transport mean free path in moderator) cm. 

TherR.al neutron flux.) n/ci . "-sec. 
fc^.acrosccpic absorption cross section, cm."^ 
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EXP L:HL‘^.;‘NTAL uuip/ .znt 
A ctivation Ioii& 

Neutron detectors ir the core and thernrial coluir.n ** ere 
Indlu.. foils of reported purity 99.97;.,. The foils were 1 Cin. 
square and 0.002 in. thick (35. C r g./cra. )j each fvil ua;? 
v.eighed to an accuracy of 0.1 ;ng. , the average weight beir.g 
0.0354 g. The gold fells u^ed to calibrate the activity of 
the indiui'ii were circular* .5 in. diameter, and 0.001 in. 
thick. They were weighed to an accuracy of 0.1 i.'ig. , the 
average v^eight being 0.0639 g. The indium foils wore wrapped 
in aluminum foil (O.OOif cm. thick) to protect the® during 
irradiation in the reactor; however, no protective cover v«,as 
required for the gold foils. 

Radiation i. etection Equipment 

H Nuclear-Chicago 2 » ga.s flow detector, iVcdel L-4/, 
equipped with a fjiicroujil v./indow was used to detect the p 
radiation from the activated foils. The detector and foil 
were ©iiclosed in a lead shield to reduce the background 
counting rate. The output pulse of the detector was aa.plified 
through a hue iear-Chicago s.cdel _47F' pre«s.iiplif ier and wat 
registered oi. a Uuciear-Chic ago decade scaler, Model 186-i . 
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Th5' partlculsr cc’r»bination cf dotectcr» preamplif i er, and 
decade scaler had been previously calibrated v.ith geld foiir 
activated in a kncvvr. ther'T'al neutror flux. Cperatinq condi- 



tions -f 


the radiation detection equipment vere: 


(a) 


Preamplifier gain -- 5 


(b) 


'“ecade scaler 

1 igh voltage -- 2100 volts 

input sensitivity 2.5 ridlllvolts 


(c) 


^a& flow detector 

gas pressure -- 5 psig. 




rtandard Radlaticn Scurce 



A ursniuiTi standard source vac used tc detect small vsria 
tiens In the response of the detectici’. C 4 uipment batveen 
‘'ucctssive days* ebservatiens. The scurce was ’arkod that 



the physical geometry cf the scurce vithin the lead shield 
cculd be kept constant. 
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EXPCiiL.JJrTAL PBCCEi^UPX 
General 

Neutron activation of indium foil v.as selected as the 
method for obtaining the relative flux dictribution in the 
core. The cadmium ratio obtained at selected stations 
permitted the calculation of the indium saturated thermal 
activity. This activity was expressed in terms of thermal 
neutron flux by comparison with the activity of a gold foil 
used to determine the thermal neutron flux in the thermal 
column, 'ore detailed discussion of these procedures appears 
in the subsc’HUcnt sections. 

Selection of Stations in the Reactor 

hive basic stations were selected along the vertical 
length of the fuel plates, the center station falling on the 
centerline of the fuel within the plates. Two stations were 
selected near the top and bottom of the plates at a distance 
of 9 in. from the centerline. These stations were 3 in. 
inside the outer limits of the fuel inside the cladding. 
Finally, tv/o intermediate stations were selected at a dis- 
tance of 4.5 In. from the centerline. The external stringer 
on the dummy fuel assembly (Figure 2) shoves the location of 
the five vertical stations on one fuel plate. 



r igure 2. 



OuiT-my fuel assfeir;biy 
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.'.‘ore obsprvatlons v-^ere desired in the south core tank 
than in the north core tank because of the more stable 
operating conditions existing in the south tank. Artificial 
operating conditions vere imposed co that the regulating rod 
was completely withdrev^n and remained stationary during the 
run; consequently, there was no variation of the core 
geometry in this region, i^owever, the position of the shim- 
safety rod had to be varied to control the reactor, and this 
position varied between successive runs, as see<n in Table 1. 
Since this variation in core geometry y.as unavoidable, fewer 
observations were de:ired for the north core tank. An addi- 
tional rev^ui^eIr,ent was to have more observations in the 
immediate vicinity of the control rods in order to detect any 
influence that they may have had on the flux distribution in 
the core, i ateral stations were selected in accord with 
these requirements, figure 1 (a) illustrates the notation 
for de&igr;ating these rtations, and the stringer inside the 
dummy fuel assembly (rigure 2) shows a typical location of 
the foils within the assembly. 

oince the data could not be obtained simultaneously for 
ail stations, two additional stations were selected within 
the thermal column, Station A was a circular depression 
located 48 in. from the south end of the central stringer in 
the thermal column, station B was a similar circular dopres- 
£ ior located 50 in. from the south end of the stringer 6 in. 
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raoie i. Heactor operating conditions 



F cn 

fVJ . 


3-1' 
lun 
no . 


'."att 

1962 


l.'cdsratcr 
temp. ^ 

■ in Ci.t ' 


Reg. rod 
pc' Iticn 
in. 


CMr. rod 
pcsiticn 
in. 


Ceram 

time 


r iCa c tor 
po\. er 
V att' 


1 


J20 


i^i 6 


88 


81 


^ m ^ 


6.2 


1112 


0.5 




321 


1-16 


89 


82 


5.8 


6.7 


1620 


C.5 




32 7 


1-22 


88 


82 


0.0 


7.4 


1619 


0. 1 
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0^v2 


1-29 


89 


w ^ 


out 


4.6 


1612 


C. 1 


5 


333 


1-29 


87 


81 


out 


4,4 


1 700 


0. 1 


6 


335 


1-31 


38 


83 


cut 


5.9 


0929 


0. i 


*r 

i 


338 


2-2 


8 7 


81 


wUt 


4.5 


C931 


0.1 


8 


340 


2-5 


88 


82 


cut 


4.7 


0942 


0. i 


9 


341 


2-5 


89 


83 


'-ut 


4.8 


162 7 


r, i 

• . 1 * 


10 


342 


2-6 


88 


33 


cut 


5.0 


1108 


0.1 


11 


344 


2-7 


90 


83 


r\it 


4.9 


1024 


0.1 


12 


344 


2-7 


87 


83 


cut 


4.8 


1129 


0. 1 


13 


347 


2-9 


84 


78 


cut 


4.4 


1137 


C.l 


14 


348 


2-12 


86 


80 


wUt 


4.8 


C950 


C.l 


15 


359 


3-15 


93 


81 


out 


4. 7 


ilCO 


0.1 


16 


361 


3-19 


86 


86 


cut 


4.0 


1611 


0. 1 


i / 


361 


3-19 


83 


83 


cut 


3.4 


1706 


c.l 


18 


362 


3-21 


87 


86 


cut 


4.0 


1058 


0.1 


19 


362 


3-21 


86 


86 


cut 


4.0 


1153 


O.i 


20 


365 


3-23 


36 


85 


cut 


6.2 


1043 


0. 1 


21 


367 


3-28 


88 


88 


out 


4.0 


me 


20 


TO 


367 


3-28 


88 


87 


cut 


4.0 


1152 


2C 




369 


3-29 


8/ 


87 


cut 


6.0 


1004 


0.1 


24 


369 


3-29 


86 


85 


out 


3.8 


1051 


0.1 


25 


370 


3-30 


86 


86 


cut 


4.0 


1024 


0.1 


26 


3/2 


4-2 


87 


87 


cut 


4.0 


1056 


1 . 0 
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ijnmedidtely belc, the central stringer in the thermal column. 
1 iguro i (b) ^hcv's the positions of these vtringers in the 
thermal column. (Oils v^ere irradiated in these standard 
stations in each run to permit the data of successive runs 
to be corrected to one common basis. 

.oil Irradiation in the Core 

The prepared indium foils A-e-re taped to rigid Plexiglass 
‘tringers, 3/16 in. x 5/3 in. x 36 in., and suspended in the 
core bet‘/^een the fuel plates, ho more than six foils v»ore 
placed in the core at any one time; the minimum separation of 
any two of the foils was, in one case, 3.3 in. but in excess 
of 9 in. in all other cases. To maintain a constant reactor 
geometry near the south core tank, the regulating rod was 
completely withdrawn fox each run, and the reactor -\as con- 
trolled manually vith the shim- safety rod. The reactor 
operator attempted to maintain a reactor period of 30 sec. 
v»,hile bringing the reactor up to a po\.er of C,1 watt. After 
reaching this power level, the reactor was continued in 
operation for 15 min. before being shut down by a scram. 

In addition to following the starting procedure described and 
timing the period of irradiation, the activity of the foils 
in the thermal column gave a measure of the integrated flux 
received by the foils in the core. 
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To obtain cadmium ratios in the core* the foils were 
enclosed in sheet cadmium 0,010 in. thick, taped to the 
PleKiglass stringers, and irradiated under the same condi- 
tions as the bare foils. 

Observation of Foil Activity 

The activated foils v/ere removed from the- stringers and 
stripped of the protective aluminum cover. The foils v<cre 
pieced on an aluminum support plate in the lower shelf of the 
lead chamber, and care v,as taken to place each foil in the 
same geometrical position within the chamber. The p decay 
was observed for a sufficient period of tirfic to attain a 
statistical accuracy of 1^ or better, tio&t of the foils were 
sufficiently active so that only a two-minute observation was 
required. The total events recorded on the decade scaler and 
the times of beginning and ending the observation were 
recorded. The standard source was observed both before and 
alter the activity of the foils was measured to ensure that 
there was no malfunctioning equipment. 

Calibration of indium Foil activity 

Both bare and cadmium-covered indium foils were activated 
at Station A in the thermal column. The gold foils were 
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Irradiated for 20 minutes at a reactor pov^er of 20 y.stts in 
order to ensure that there v^as sufficient activation for 
accurate observation of the j3 decay. The bare indium toil 
\Acs irradiated for 15 minutes at a reactor pov.er of 0.1 
watt; hov.everj the cadmium-covered indium foil was irradiated 
for 15 minutes at a reactor power of 1.0 watt to attain a 
greater level of activation than v<ould be possible at a re- 
actor power of 0.1 watt. 
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RESULTS AfMO DIXUSSION 



The activity of each Indium foil irradiated in the 
thermal coluran at Stations A and B v-ss calculated. The ob- 
served activity was corrected for background | radioactive 
decay from the time of reactor scram* individual foil weight* 
and variation in response of the radiation detection ecjuip- 
ment. The equation accounting for these factors is 



M 



[r 



obs 






cpnrs./g. 



( 1 ) 



Appendix k contains the explanation of the terra in cor- 

S 

recting for radioactive decay. The term allows for minor 

^cr 

variation in the response of the proportional counting equip- 
ment or for evaluating the performance of the equipment when 
one component has been changed, finally* dividing by the 
foil weight* vV, allows for variation in the individual foil 
sl7es. 

The calculation of the specific foil activity Involved 
selecting a common basis to which to adjust the data of the 
different reactor runs. The activities of the two foils ir- 
radiated in Stations A and B for each run were compared with 
Run 18 in a ratio defined as 






,e.. 










4 








I 



-m 0 ^|M'4ii 




mT^-' I 

- i 

^ — I I I - 

I * 4Mi 




( 2 ) 



Ratio. . “ 

i>j A, . 

where i “ run number » and j * A, B. 



The selection of Run 18 as a basis for the comparison re- 
flected consideration of a representative waiting time among 
the observations and ® roinimumi variation between Ratio. , and 

1 f r\ 

Ratio. „ for all the runs. The foil activities and the ratios 

1 »c- 

are compiled in Table 2. The percent difference between the 
Ratios A and B in any one run was arbitrarily defined as 

Ratio. . - Ratio, „ 

Percent difference = ' - ^ 100 (3) 

1 jA 

The normalising factor used to adjust the data to a coinmon 
basis was the arithmetic average of the ratios; 

Ratio. .+fiatio, ^ 

Normaliying factorj^ » ■ ■ (4) 

The specific foil activity of all the foils irradiated 
in the reactor core was calculated from 



normaliyinq factor 



flux, depression factor 



epm./g. 



( 5 ) 



where A v^as evaluated by Equation 1. The term 1 - e**^^ 
corrected the activity to a saturated level. The flux 
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Table 2. Nor.r.ali^ing lactcr.> 



un 


-oil 


r.otic V. 1th 


r eicent 


i Tifid 1 “ 


no. 


r^ctivity 


Run 18 


dil- 


i/ifVj 




IC^cp" , /3j 

A 3 


A "1 


t erencG 
percent 
t. f 


f actor 








ratio A 





1 


12.17 


11.58 


O.C865 


0.0950 


-9.8 


0.C907 


2 


10.97 


11.26 


0.C936 


0.0953 


-1.6 


0.0945 
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depr fe j'-ion I'uctor for indiu.i. foil j n ‘ <yter v,as that oiven by 

:-itch and [)rumiiicnd (4, p. 16) vn C.910, and th'' der,a> ccn- 

otant fur indiurri-lio.i. v;ai> 0.01254 .in. ba'.f-d vn a Jaii x.1ft 

uf 54.0 in. iirjttd by Stror.!nj(?r f-t al . (15). 

.rice f. 2S9) dircu.^cd tie correcticn n€cPS‘aiy 

t. caiculat‘= thf saturatfd thcr;:.ai activit., c, f th#* cadn.ii...- 

co vered irv'iu. i toils, and Q3 v- thf- b. u ba ic iclations f r ^ 

01. -• ... at.ed 1 r.- these cdc ulaticns : 
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value of -- 1.019 tor indiuti cf 35 rng./ot-,.' thickncs' 
vas extrapolated froiii ficure 9*17 (Price, llu, p. 290); h-..w“ 
ever ^puation 7 is not valid tor indiun: foils In vater. The 
radius cf a circular foil ti one sc.uarc cent.lkneter area is 
0.564 cm., and this dimension is not very ...uch different irom 
X, Tor water, 0.425 cm. C<. nse ^.uer.tly , no correction v a*, made 
^or the flux perturbation, cad.miu' -cuvered inolu 

fcil in water. The calculations then vcro: 
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T..P specific >.ountiny xOtes .1 tne t-aio ind cadniiarT.-^ov^red 
and tlic^ cadn.iuiC ratiw^ axe cox.piled in iuwle 3. 

Tha coi.icxction ef indiun foil tc detcxir.ino the tl'i‘''rmai 
n'^i..trcn flux in the rf;act>r c jxe ..os based on the conpaTiton 
cf saturated thermal activities cf Qold and indium foils ir- 
radiated In the tl ermal column at station A. The activities 
of th.e gold foils Aere corrected much the s&iio as previcusiy 
stated for the Indium foils. The specific foil activity vas 
Calculated o;ith Lv,uatlons 1 and in which the flux depres- 
'■icn factor > as net used and the decay constant uas 1.7S3 
in” based on a half life of 2.70 days listed by 

- ^ romi nr«.r et al . (l5) p. 7/4). The factur r ^ for cadmium- 
c> vered g^id foil was 1.01 (i.artin, iO, p. t>2;. l-Sucok (?) 
listed the mscrcsccpic absorption cross •section cf gc-ld sc 
5.83 cm. . Z. was ccrrectcd tc obtain the effective cross 
section at JZ^i before determining a freu: the craph presented 
trice (llhj p. 288). The ilux perturbati c n , 
c«.icuiated using Z^uation <. sing the oa^ic relaticnshipc 
dc.cribed in Trice (lib, p. 28/' 



25 



“ ^th UD 

the gold foil saturated theroial activity* corrected for flux 
perturbation* was determined. Then the thermal neutron flux 
at Station A was calculated from the relation 






th 





1 



n./cm. 



-sec . 



( 12 ) 



VKhere K = 2.1284, a calibration constant for the 

radiation detection equipment to 
convert the geld foil saturated 
thermal activity in epm./g. to 
units of neutron flux 

and S = 24*045 cpm. * the activity of the standard 

uranium source at the time 
of calibration,! 



The results of the calculations showed that the thermal 

neutron flux at Station A vises 3.890 x lO^n/cm. -sec. for a 

reactor power level of 20 watts. It was assumed that the 

flux at Station A decreased linearly with the reactor power 

level. this assumption the thermal flux at 0.1 vvatt 

5 2 

pov.er was 1.945 x 10 n/cni. -sec. 

The calculation of the saturated thermal activity of the 
indium foils at Station A was identical to that for the gold 
foils vdth the exception of the constants which pertain to 

^Janofsky* Richard A.* Ames* Iowa. Calibration of the 
2^ gas flow detector. Private communication. 1962. 
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c. (Contijiued) 
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the type of foil being used. It *v3s aicumed that the effect 
of a sciuart foil detector on the flux perturbation would be 
the same as that of a circular foil of the same area. The 
radius of an equivalent circular indium foil v.<as then 0.564 
cm. Baucom (2» p. 199) listed the macroscopic absorption 
cross section for In as 7.30 cm.”^. This value was corrected 
to obtain an effective cross section for the absorption of 
neutrons. Equation 11 was used to determine the saturated 
thermal activity of the indium foil -- 5.580 x 10 epm./g. 

This activity cf the foil corresponded to the thermal flux 
of 1.945 X 10* n/cm. -sec. at Station a. The thermal neutron 
flux at stations within the core was then scaled directly from 
the relationship 












9 

C. 3486 A , thermal n/cm."-sec< 

fe t 



(13) 



The results of the calculations for the thermal neutron 
flux appear in Taole- Oj however, these data are inconclusive 
to the extent that no correction was made for the flux 
perturbation of cadmium-covered Indium foils in water. 
Operational commitments of the ITH-iO reactor prevented a 
more thorough survey of the cadmium ratios in the core. 

> e, a comprehensive view of the therinal neutron flux 
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Table 4. Luplicated data for specific foil activity 



Station 


Specific foil 
activity 

A B 

lO^cpm./g. 


difference 
between 
A and b 

lO^cpm./g . 


r ercer.t 
dif f erence 
between 
A and B 
percent of A 


hi (3/0 -3 


3.54 


4.16 


-0.62 


- 17.5 


N3( 7ifV )-l 


3.63 


3.46 


0.17 


4.6 


-5 


3.83 


4.09 


-0.26 


- 6.8 


r . 5 ( 9 w )-3 


4.96 


4.97 


- 0.01 


- 0.1 


S 4 ( 5 » v )-3 


7.29 


7.64 


- 0.35 


- 4.9 


S4( 9/0-1 


4.24 


4.12 


0.12 


2.8 


-5 


4.26 


4.14 


0.12 


2.8 


S6(5W)-3 


4.21 


4.24 


- 0.03 


- 0.8 



distribution in the core was not ootained. 

Tv^o reactor runs which duplicated two previous runs were 
made to investigate the degree to which the data could be 
reproduced. Table 4 shows the stations and a comparison of 
the specific foil activity of the original run in Column A 
with that of the duplicate run in Column B. In the south 
core tank, Run 24 v\as the duplicate of Hun 11. The percent 
difference between these two runs varied more widely than ex- 
pected on the basis of the statistical counting accuracy. 

The data obtained in the north tank very even more. The 
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iT.arked variation here is attributed to the difference in 
operating conditions of the reactor. Run 25 attempts to 
duplicate the results of Run 5| but the proximity of the 
shim-safety rod and the difference in its position in the tv;o 
runsj Table i» have undoubtedly created the large disparity. 

It is noteworthy that there is a larger difference in shir.- 
safety rod positions for Runs 11 and 24 In the south core 
tank j but the effect on the activities there >Aas net appre- 
ciable because of the 24 in. distance separating the control 
rod trons the nearest point of the tank and the generation of 
neutrons in the north core tank. 

The accuracy of the results compiled in Table 3 vas 
primarily influenced by the manner of selecting a normalirlng 
factor! the accuracy of some of the constants used in the 
calculations, reactor operator technique in conducting the 
run, and the omission of a factor for the flux perturbation 
of cadmium-covered indium foils in y.ater. Of these items, 
the normali?ing factor presents the greatest error. Next in 
order of magnitude is the omission of for the calculation 
of the thermal neutron flux in the core. Although the litera- 
ture contains relatively abundant material about flux depres- 
sion of neutron detectors in a graphite moderator, very little 
discussion Involving a water moderator v^as found. Reactor 
operator technique in starting the reactor and maintaining ® 
fixed power manually and the accuracy of the constants 
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involved in the calculations were the least sources of error. 
The observed data, the normali7ing factors, and the as*;oclated 
standard deviations are presented in Ap>cer.dix 

All the calculations v\ere carried to five significant 
figures, although some of the constants were given only to 
three significant figures; the tabulated results are rounded 
to four significant figures in Table 2, vvhlch contains the 
intermediate data used in subsequent calculations. Iri Taole 
3 the final results of the calculations are correct to three 
significant figures. 

The specific foil activities in Table 3 have been plotted 
in a series of graphs to illustrate the neutron flux distribu- 
tion in the reactor core. I igure 3 shows how the flux in the 
south core tank changes in the direction of the X and Y axes 
in a plane of constant " value. Comparison of the three 
parts shows that the neutron flux lacks symmetry with respect 
to the vertical centerline of the core tank. This effect is 
more clearly demonstrated by the curves for V Station 3 et 
the hori?ontal centerline of the fuel assembly than for Sta- 
tions 1 and 5 at the top and bottom of the fuel assembly, 
from the outer edge of the tank toward the centerline, the 
flux increases more rapidly in the west half of the tank than 
occurs in the east half. Although the maximum points of the 
curves are not well defined by observed data, the relative 
magnitudes of the flux in fuel assemblies S3 and S4 indicate 



■•3 

That the rrax^n'U'Ti 11 <^■3 vlthln , rcthcr *’han cn th*"’ vertical 
cpnterline bet^vf>'='a and The anti-tyi's etricai Uic- 

tribution wi the liux vsitn respect to this centerline 1^ 
attributed to the Iniluence ot tl.e satoty rod. The si/~ 
the zegulatinc rod is in. x 2 in. x 1/6 in., v/hereae 
the ii 70 of tif. safety rod is 7 In. x 8 'n, >. .i/8 in, (1). 

Tr e greater amount oi 3oral in tlic saiety x^d depres' c«. ti e 
flux on the east side of the tank at fuel assr-inblies , ^5, 
end 3b. This e fleet is evident to a .nuch If si degree at the 
tup of the core tank at ? -jtatiens 5v< and 9A. In figur' 3 (b) 
tie difference in the Tagnitude of the flux at the top and 
fcttcsi cf the fuel asserribly is r.cre marked then is evident in 
ic-ure 3 (a and c) and indicates lack cf a syn-i. Ctrl cal dis- 
tribution abcut the hori'/cntal centerline cf the fuel 
assembly. 

There are three data point? ■'hov.n in .1 co-re 3 that are 
considered In error -- tve ir T'art b and cne in - art c. 

These thre^ p, into aere obtained durin-.. i,un 1'', .ut the odd - 
ti.onal thrt e j . i.ots obtained in the sa.-ie run ciy<.,f-<ir»'oi to ci-* 
rstisfactory lesults. ,ihen a^l the foiic foe t'je run nad 
uern cos€>rved and the propurtiona.L counter a ci.ecked ith 
tne standaid u ource, a lov. c-. onting rate I ox the 'standard , 
rj’.ted. ixami nation of the ©vuipment rcv'tal d ti.ut the lenu- 
iated 03S presiurt hod talien .ru 5 pclg. t: ^.'*3 p»ig. one 
thereby rade trn reli anility cf the da + a (.ptr'-f* .-vs-'ic, ’:'fc 
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the foils Iron Stations A and 3 v/ore the last foils of the 
run to be observed, the normalizing factor v«as greater than 
it should have been. Consequently, the specific foil activ- 
itios were too high for part of the data and apparently con- 
sistent for the remaining date of Run 13. 

^l9ure 4 shovviS the flux magnitude in the south core tank 
in the direction of the " and Y axes in a plane of constant X 
value. Since only the three data points were obtained, the 
shape of the curve is inconclusive, and only the relative 
magnitudes of the flux are intended to be shown. x igure 5 
shows the same type of information for 7 stations in the east 
half of the fuel assembly; hovxever, those points were obtained 
from the curves of 1 igure 3 and do not represent observed 
data. The inconsistency of the data obtained in Run 13 is 
again evident in rigure 4. 

Purely by circumstance, the stations cftosen in the fuel 
assemblies at 36(5.V) and S1(5E) were immediately adjacent to 
dummy fuel plates in the assembly.^ tnf ortunately the data 
are not sufficient to determine the influence of the absence 
of fuel in this region; how'ever, figure 3 and rigure 4 show 
no marked change in the flux as a result of the dumuny fuel 
plates . 



^^'urphy, Glenn, Ames, Iowa. fuel inventory of the 
UTR-10 reactor. Private communication. 1962. 
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Figure 6 shov. s the change in the flux in the direction 
of the Y and ' axes at a constant value of X. Although the 
tr.agnitudes of the flux are much the same> there is yet indi- 
cation of the lack of symmetry with respect to the horizontal 
axis through the tank. The fuel assemblies S4 and S6 exhibit 
noticeable anti -symmetry j but the data for S5 are inconclusive 
as a result of the faulty data of Run 13. 

Figure 7 shoves the flux distribution in the north and 
south core tanka at 7 stations adjacent to the control rods 
and provides a comparison of the flux magnitude in the two 
tanks. At the top of fuel assemblies Nl, N2| and N3 the flux 
is greatly depressed in relationship to the flux at the bot- 
tofii of the assembly> and the contrast with the conditions in 
the comparable fuel assemblies in the south core tank is 
marked. This effect is attributed to the proximity of the 
shim-safety rod and its action as a neutron sink. Because of 
the varying position of the shim-safety rod in successive 
runs> the shape of the curves drawn fox the north core tank 
is somewhat questionable, but the relative .magnitudes should 
be representative of the actual conditions in the tank. Table 
5 assists in comparing the flux magnitude in the two tanks. 

The specific foil activities in comparable stations near the 
control rods are listed vertically to provide a ready refer- 
ence. At all stations in the north core tank the flux is 
significantly lower than that of the south core tank, and 
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the greatest contrast is shown between the flux levels along 
the horizontal centerline of the core tanks. The data do not 
permit determining whether the flux depression is caused 
solely by the presence of the shim-safety rod or if, in ad- 
dition to the control rod, other factors are acting to depress 
the flux. 
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Figure 3, Neutron flux distribution in the south core tank 

(a) Z stations, 3 east and 3 west 

(b) Z stations, 5 east and 5 west 

(c) Z stations, 9 east and 9 west 
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Figure 4. Neutron flux distribution in the south cere tank 
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Figure 5, Neutron flux distribution in the south core tank 
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Figure 6. Neutron flux distribution in the south core tank 
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hl 9 urcr 7. Mux distribution at 7 stations adjacent to the 
control x'Ods 
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COrCLUSIONS 

The investigation of the neutron flux distribution in 
the core of the UTR-10 reactor at Iowa State University has 
been conducted using indium foils as a neutron detector. The 
restrictions placed on the reactor control rods were that the 
regulating rod vas completely withdrav.n and that the reactor 
power of 0.1 watt was controlled manually v/ith the shim-safety 
rod. trom a study of the activation of the foils in the core» 
it was evident that the neutron flux distribution in the south 
core tank was not symmetric with respect to either the verti- 
cal or horizontal centerlines of the tank. Comparing the 
specific foil activities in comparable stations of the north 
and south core tanks, it was apparent that the flux distribu- 
tion was not symmetric between the two tanks, the flux in the 
north tank being depressed oelow that in the south tank. 

The limited survey of cadmium ratios in the core was not 
sufficient to permit a study of the thermal neutron flux dis- 
tribution. Among those stations for which the thermal neutron 
flux was obtained, however, the maximum flux occurred at 
station S‘i(9rt)-3 and was 1.69 x 10 n/cm. -sec. 
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SUGGESTIONS FOR rURTH"R STUDY 

Since the scope of this project was limited by the time 
available to accumulate data, further Investigation might be 
conducted to obtain a cadmium ratio survey in the south core 
tank and to determine the thermal neutron flux there. The 
comparison of the thermal flux distribution with the flux 
distribution obtained by specific foil activities could be 
the basis for an extension of the present project. 

An alternative proposal might be to examine the effect 
of the regulating rod position on the thermal neutron flux 
distribution In the immediate region of the regulating rod. 

The Investigation could be confined to the three fuel as- 
semblies adjacent to the regulating rod and would permit time 
for a more thorough inquiry into the effects of the regulating 
rod position on the thermal flux. 

A related project might be to investigate the perfoimance 
of the gas flow detector when the gas flov. rate is varied 
from the designed rate. The uranium standard source could be 
used to provide a constant level of radiation v<»hile the gas 
pressure to the metering orifice was varied. The response of 
the detector under varying rates of gas flow then could be 
examined. 
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appendix Ai ccrrectick of observed activity 

FOR WAITING TIME 

The activated foils \ser© observed at some time after 
reactor shutdovvn^ and the observation period ended at a time 
t 2 * The total of observed events, N, occurred in the time 
interval t 2 ~ t^. Defining A ® t 2 •* tj^, the average observed 
decay rate, K, is then 




The question then arises as to vhat time in the observation 
period was this average decay rate applicable. 

let R, =* the initial decay rate at reactor shutdovn, cpm. 
h » the elapsed time after at which W is ap- 
plicable, min, 

t ~ the time at which R is applicable, min. 

The decay rate at any time t after reactor shutdown is 

P{t) = P.Q (15) 

and the total observed events in the time interval a sre 
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n 



I ^ R, dt 



~x % 



-Xt2 -Xt 
6 - 6“ 






( 16 ) 



Equation 14 then becomes. 



-R^ . e 



H 



0 



-^h) 



xa 



(17) 



The average observed decay rate is then defined as 



s = e 
o 



-Xt 



(18) 



Combining Equations 17 and IS and simplifying the expres''ion> 
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s'xpandlng the exponential term of C>.,uation 20 in an Infinite 
series » 



= 1 - xa -*■ 



( 21 ) 



-xa 



XA 



jL. • w • ^ • 



( 22 ) 



The infinite series expansion for In (1 + x) is 

.2 3 4 

la(l+x)=x-4^+~-“+. . . (23) 



Retaining all the terms of Eguation 22 through the cubic term 



In 





(24) 



expanding Equation 24 in the series ap{,roximdtion of Equation 
23 j retaining all terms through the cubic term, and sub-^ti- 
tuting in Equation 20 j 



6 



« A _ Xl .. , 

2 24 



min. 



(25) 



Equation 25 retains all the cubic terms in the two series 
expansions and is valid where XA is a small quantity in com- 
parison to one. 

The decay constant for is 0.012836 min.”^ and 
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substituting this, value In Equation 25» 



N “ I - (0,CC05348) min. 



Since the time interval, a» v?«s lese than ten minutes in all 
observations of the indium foil, the observed decay rate is 
assumed to be applicable at the midpoint of the observation 
period; the error involved i« less than 3,3 seconds for a ten 
minute observation. 

1 OA 1 

The decay constant for Au is 1./828 x 10 ,r4n. , 

and, substituting this value in Equation 25, 



Again, the time Interval of observation ‘^as short that the 
midpoint of the period was considered as the time i»hen the 
observed decay rate %as applicable, i-or an eleven minute 
observation, the error Involved is les^. than 0.C6 second. 

Since most of the observation periods for both the indlu'» 
and gold foils v.ere tvo minutes, the second term of Equation 
25 may be neglected. Consequently, the foil activity at the 
time of observation was corrected for the elapsed time betweer. 
reactor shutdown and the middle of the counting period. 

*bchvn in Equation 18 



^ n ^ /.428 X lO"^ A^ min. 
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APPFNDIX D: STATISTICAL ACCURACY GL DATA 



The nr.athematicai relationships pertaininc to a Poisson 
distrioution (as cited in Overman and Clark, 11a, p. 114) 
have been applied to the observed data to obtain an indica- 
tion of the accuracy attained in the measurement of the foil 
activity. Since, in most cases, there was only one observa- 
tion for each foil, the standard deviation of the decay rate 
was obtained from the relation 









(-29) 



tor the difference of two quantities, X and Y, each having an 
associated error cr^ and Cy, respectively, the standard devia- 
tion was calculated with the expression 



a 



u 







1/2 



(30) 



To obtain the standard deviotion of the product of two inde- 
pendent quantities, X and Y, the relationship used in the 
calculations was 






(X Y) ( 






(31) 



The standard deviation of the quotient of two independent 
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quantities > X and Y> v.as calculated froni the relationship 



0 



Q 



(§) A 





(32) 



These four basic equations were used to calculate the 
standard deviations of the observed data and of the nor/nal- 
i7inc (actors derived from these data. The results of these 
calculations are shown in Table 6. The background rate was 
rounded to the nearest integral number before it was sub- 
tracted from the observed decay ratei however » decimal frac- 
tions of the decay rates v*ere retained in the standard 
deviation to show the effect of combining the rates. 
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